ABSTRACT: A 2-D Lagrangian-Particle-Tracking-Method (LPTM) has been developed to simulate dispersive mass transport in rivers under the influence of dead-water zones, such as groin fields. Results from laboratory experiments are used in the LPTM to include velocity and diffusivity distribution and the mean residence time. With the help of different LPTM simulations where the retention effect of the groin fields varies along the travel distance, the influence of morphological changes on the transport characteristics has been analyzed.
INTRODUCTION
The mass transport of dissolved pollutants in a river reach is difficult to predict, due to the limited knowledge of the relation between morphological conditions and transport characteristics. In rivers with strong morphological heterogeneities like dead-water-zones (see Fig. 1 , i), channel meandering or varying channel width, the prediction of transport velocities, maximum concentration and skewness contains strong uncertainties. A far-field 1-D prediction tool called the River-Rhine-Alarm-Model (Spreafico, 1993) has been developed by the "International Commission for the Hydrology of the River Rhine" (CHR) and the "International Commission for the Protection of the Rhine" (ICPR) for cases of accidental pollutant releases. For this kind of predictive models, much effort and money is spent on calibration by means of extensive in-situ tracer measurements (van Mazijk, 2002) . In the case of the River Rhine Alarm Model, which uses a one-dimensional analytical approximation for the travel time and concentration curve, a dispersion coefficient and a lag coefficient have to be calibrated. The model works well for cases of similar hydrological situations. However, variations in discharge, and thus, changes in water surface levels, lead to increased errors if the same calibrated parameters are used for different hydrological situations. Hence, predictive methods that are appropriate for variable flows and changing morphological conditions are needed. In the present research project, the influence of dead-water zones such, as groin fields, on the transport characteristics has been investigated (Weitbrecht, 2004) . The influence of groin fields on the transport characteristics can be described by three different aspects that are caused by the dynamics of the mixing layer between the dead-water zone and the main stream, which is dominated by large coherent horizontal eddy motion due to the shallowness of the flow (see Fig. 1 ). Taylor (1954) showed that the two main processes with respect to longitudinal dispersion are longitudinal velocity shear and transverse diffusion. The mixing layer leads to enhanced transverse mixing and therefore, reduces longitudinal dispersion. The mean horizontal velocity distribution is also strongly affected by the mixing layer. Compared to a mixing layer along a smooth wall the velocity distribution is much less homogeneous which enhances longitudinal stretching. The third aspect is given by the mass exchange between the dead-water zone and the main stream, which is also driven by the mixing layer dynamics. Mass that travels in the main stream gets retained in the dead water zone and therefore, leads to additional stretching of a pollutant cloud.
With the help of detailed velocity and concentration measurements the flow and transport phenomena in the presence of groins has investigated systematically for varying geometrical conditions. The mean and turbulent flow properties have been measured with a SurfaceParticle-Imaging-Velocimetry system (Weitbrecht et al. 2002) . In Fig. 2 typical results of the velocity measurements for the mean velocities and rms-velocities are illustrated. The measurements were performed in a tilting flume of 20m length and 1.8m width. The water depth h was 4.6cm and the mean flow velocity U about 16cm/s. The groins were placed on one side of the flume with a length of 50 cm and a varying spacing from 15cm to 145cm. The profiles in Fig. 2 represent measurements with a spacing of 125cm and are used later in the numerical transport simulation (LPTM) to determine the advective and diffusive step. With the help of concentration measurements where dye is injected instantaneously into one single groin and by analyzing the concentration decay the mean residence times could be determined for the various groin field geometries (Jirka, 2004) , which are used in the transport simulations to parameterize the influence of the particle retardation as described above. The transfer of the measured results locally at single groin fields into a system of many groin fields has been performed using a Lagrangian-Particle-Tracking-Method (LPTM) described in the next section.
In Jirka, 2004, it was shown that the influence of groin fields on the dispersion process is strongly related to the current Peclet Number defined as (U B)/D y with U as the mean flow velocity B the channel width and D y the transverse turbulent diffusion coefficient. The Peclet Number as it is defined here, is directly related to the time scale that describes the transverse mixing time. It was shown that that with increasing Peclet Number the influence of the groin field retardation T D as a second time scale gets much stronger. Furthermore, it has been shown, that the dimensionless mass exchange coefficient k (Valentine & Wood, 1979 ) that describes the strength of the mass exchange between dead-water zone and main stream, scales with a certain shape factor R D , defined similar as a hydraulic radius of the groin field WL / (W + L) / h s , where W is the width and L length of a groin field and h s the water depth in the main channel. k lies in the range between 0.012 and 0.035 and increases with increasing R D . Using this information in a LPTM simulation as boundary condition it could be shown (Jirka, 2004 ) that with increasing R D , which corresponds to smaller residence times, the dispersion coefficient decreases and the transport velocity increases. In the present paper additional results of LPTM simulations are presented, were the influence of varying morphological conditions along the main flow direction can be analyzed.
LAGRANGIAN PARTICLE TRACKING METHOD
A transport model based on a 2-D Lagrangian-Particle-Tracking-Method (LPTM) has been developed to determine transport characteristics in the far-field of a pollutant transport scenario by analyzing the statistics of such a particle cloud at any position of the simulation. The method represents a random walk approach as has been used, for example, by Sullivan, 1971 to model turbulent shear flow based on statistical mechanical transport theories presented by (Taylor, 1921) .
A random walk simulation can be understood as the tracking of discrete particles, under the influence of the governing flow processes. Typically, the particle displacement dX i is described by a deterministic and a stochastic part, leading to the so called Langevin equation (Gardiner, 1985) , ( ) ( ) ( , )
where XS i is the position x,y and z. f(X_i,t) represents the advective or drift component, which can be interpreted as the mean flow velocity field. The expression g(x_i,t) describes the diffusive or noise component of the particle movement that describes the strength of the turbulent diffusion in space. The stochastic part is represented by the Langevin force Z, which is a Gaussian distributed variate with a mean value of zero and a variance equal to one. In the present case the governing processes are advection in longitudinal direction x and diffusion in transverse direction y, which implies that we can neglect the drift component in ydirection and the noise component in x-direction in eq. 1. An important part of such a model is the link between the diffusive step size and the length of the time step. Here the approach given by Taylor, 1921 is used, who stated that the spreading of a particle ensemble measured with the standard deviation under the influence of turbulent diffusion can be treated as a Fickian type of diffusion, where σ ~ (2 D y t) 0.5 with D y as the turbulent diffusion in y-direction and the time t. The diffusive step size for a single particle at a certain time step in y-direction is therefore given with
Using these assumptions, the position of the particles in every time step ∆t can be described by a simplified 2-D version of eq. 1.
where x old , y old and x new , y new are the spatial locations at times t and t + ∆t respectively. The function u(y) denotes the mean flow velocity in relation to the position in transverse direction. D y (y) is the transverse component of the turbulent diffusion coefficient related to the position in ydirection. In order to satisfy continuity an extra advection term in y-direction has to be included, to achieve consistency with the governing Advection-Diffusion-Equation. This extra term in eq. 4 is called the noise-induced drift component (Dunsbergen, 1994) . Consequently, in every time step, a particle moves convectively in x-direction depending on the velocity profile and does a positive or negative diffusive step in transverse y-direction. Also the boundaries of the calculation domain and their effect on the particles are important. The inflow and outflow boundaries do not affect the particles as in our case the domain has an infinite length. In case of horizontal shear the boundaries representing the channel bank and channel centre line act as reflective walls. With the given equations and boundary conditions transport in open channel flow can be simulated with a depth-averaged velocity profile (Fig. 2,  i) in transverse direction and a certain distribution of the diffusivity (Fig. 2, ii) . The next step is to include the influence of dead-water zones into the LPTM, which can be achieved by introducing the mean residence time of tracer material in the dead-water zone. Weitbrecht, 2004 showed, that it is possible to model the influence of the mass transport by including this parameter into the boundary conditions as a transient-adhesion-boundary, such that this boundary simulates the behavior of mass trapping and mass release. A particles that reaches such a boundary is fixed to that x-position until the mean residence time T D has elapsed.
The outcome of a LPTM simulation are x and y-positions of every single particle at every time step. By analyzing the statistics of the particle positions, information about the transport characteristics can be determined. The 1-D longitudinal dispersion coefficient D L , as a measure of the spatially averaged spreading rate of a tracer cloud, can be determined by calculating the time change of the longitudinal variance σ 2 particle distribution. A second result will be the skewness G t of the particle cloud, which is defined as the relation between the quotient of the third moment about and the third power of the standard deviation.
The skewness of a certain distribution describes the degree of asymmetry of a distribution. The skewness can be used as an indicator for the length of the advective zone, in order to define when it is acceptable to apply the Taylor solution to a pollutant transport problem. Another parameter of interest is the transport velocity c of the tracer cloud, defined as the velocity of the center of mass of a particle ensemble. In the case of regular channel flow with ordinary reflective boundary conditions c is equal to the mean velocity if the particles are homogeneously distributed over the river crosse section. In case of point sources this can be reached after the tracer has passed the advective zone. The transport velocity is defined as the velocity of the center of mass of the particles.
SIMULATIONS WITH VARYING BOUNDARY CONDITIONS
In the present paper two different simulations are presented using the flow conditions from the experiment described in the introduction. The transverse mean velocity is represented by a tanh function (see Fig. 2, i) , such that the velocity at the groin field boundary is not zero. The turbulent diffusivity in the main channel is taken to be constant with D L = 0.15 u * h. Close to the groin fields the transverse diffusivity increases related to the Gaussian distribution given in Fig.  2 , ii). Simulation A) (Fig. 3) starts without the influence of groin fields for the first 1000 times the channel width B.. For x/B > 1000, the effect of the groin fields is turned of by setting the residence time T D at the adhesive boundary to 92 seconds. In case B) (Fig. 4 ) the simulation starts with a channel reach with groin fields for 0 < x/B < 1000. For x/B > 1000 the residence time is set to zero. In both cases the number of particles is 10,000, they are homogeneously distributed over the inflow boundary at x = 0 and the length of a time step is 5s.
In Fig. 3 i-iv) the results for simulation A are visualized where the simulation starts without the influence of dead-water zones. In Fig. 3 i the results after the first time step is plotted where particle distribution in the upper part shows exactly the related velocity distribution. At this time step the particle distribution in longitudinal direction is strongly skewed because, most of the particles sit in the homogeneous part of the velocity distribution in the main channel. In Fig.  3 ii) and iii) the particle distribution is still strongly skewed but, the dispersion coefficient tends to a final value of about 0.04m²/s, long before x/B = 1000 is reached. Part iii) shows that exactly at x/B = 1000, where the channel section with transient-adhesion boundary starts the dispersion coefficient increases as expected to reach the final value of about 7m²/s, which is the same result as if the simulation starts from the beginning with the influence of groin fields.
Interesting in case A is the evolution of the coefficient of skewness plotted in red in the mid part of Fig. 3 . According to previous studies (Schmid, 2002) strong morphological changes, as the begin of a channel section with groin fields would lead to strong local increase of the skewness coefficient. In the present simulation (Fig. 3 iii and iv) the influence on the skewness is almost not visible. In contrary, at x/B = 1000 a local decrease of the skewness can be observed, which leads to the assumption that the process of particle retention in a dead-water zone leads to increased homogenization in longitudinal direction. In Fig. 3 iv) the final stage of mixing is achieved with almost Gaussian particle distribution in longitudinal direction.
The results of simulation B where the groin fields stop at x/B = 1000 stop, in principle lead to the same conclusions as the results of simulation A. The initial mixing conditions do not influence the final results. In case B the final dispersion coefficient (Fig. 4, iv) is the same than without the groin field section in first phase. In Fig. 4 , ii) the influence of the transient-adhesion boundary is clearly visible. Five different particle clouds follow the main particle cloud where the mean residence time T D is visible as the distance between these clouds divided by mean flow velocity. In case B an interesting phenomena occurs with respect to the dispersion coefficient at x/B = 1000. Here, the effect of the groin fields is virtually turned off by setting the mean residence time to zero. Against our first expectations the dispersion does not immediately decrease but increases over a travel distance that is of the order of the standard deviation of particle distribution in longitudinal direction. The dispersion coefficient increases about 30% in this region for this configuration. The stretching effect is enhanced because the front of the cloud does move from x/B = 1000 with the mean velocity U, whereas the other part of the cloud still travels with transport velocity given by the ratio of particles that are sitting in the dead zone to the number of particles in the main stream. Also in case B the skewness (Fig. 4, iv) is almost not affected by the changing morphological conditions. Fig. 4, iv) shows again, that the groin fields enhance the homogenization of the particle cloud in longitudinal direction and the particle distribution is still more skewed at the end of the simulation in case B.
i) after first time step ii) after 105 time steps iii) after 5085 time step s iv) after 15960 time steps 
CONCLUSIONS
In the present paper it has been shown that LPTM is a simple to use tool to simulate dispersive mass transport in rivers and to transfer results obtained locally at single dead-water zones in the laboratory into the far-field transport characteristics of a system with many groin fields. With two simulations where the effect of groin fields is virtually turned on, or turned off respectively, after a travel distance of 1000 times the channel width, it could be shown that the initial conditions do not affect the final result. In case B where the groin field effect is turned off after 1000 times the channel width the stretching rate and hence, the dispersion coefficient increases locally before it reduces to the final value. Both simulations showed that the skewness of the particle distribution in longitudinal direction is almost not influenced by this strong change of the boundary conditions that simulate a sudden change in the morphological conditions. The skewness of the particle distribution tends in the presence of dead-water zones faster towards zero than without groin fields, due to the fact that the particle retention in the groin field enhances homogenization in longitudinal direction. i) after first time step ii) after 105 time steps iii) after 5085 time steps iv) after 15960 time steps 
